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276a Monday, February 27, 2012analysis [4] respectively. We deduce the bending energy of the ds part as a func-
tion of EED x. The finding is that the DNA kinks at a critical bending torque
tc ~30 pN x nm, entering a nonlinear regime where the maximum torque is con-
stant (= tc). We derive an analytic expression for the bending energy valid in
the linear and nonlinear regimes [3].The critical torque tc introduces a universal
energy scale ~12 kT in the physics of DNA bending.
[1] G. Zocchi, ‘‘Controlling proteins through molecular springs’’, Ann. Rev.
Biophys. 38, 75-88 (2009).
[2] H. Qu, C.-Y. Tseng, Y. Wang, A. J. Levine, and G. Zocchi, ‘‘The elastic
energy of sharply bent nicked DNA’’, Europhys. Lett. 90, 18003 (2010).
[3] H. Qu and G. Zocchi, ‘‘The complete bending energy function for nicked
DNA’’, Europhys. Lett. 94, 18003 (2011).
[4] H. Qu, Y. Wang, C.-Y. Tseng, and G. Zocchi, ‘‘Critical torque for kink
formation in double stranded DNA’’, accepted by Phys. Rev. X (2011).
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Simulation of Plectonemic Supercoil Diffusion Along Extended DNA by
Brownian Dynamics
David Bell, Pawan Selokar, Todd D. Lillian.
Texas Tech University, Lubbock, TX, USA.
DNA supercoils arise from processes such as replication, transcription and the
nearly 10000-fold compaction of long DNA molecules into the cell nucleus.
Because of their potential to enhance or repress cellular processes (e.g. replica-
tion, transcription, and recombination), supercoils must be carefully regulated.
In fact, chemotherapy drugs have been designed to impede topoisomerase en-
zymes that are responsible for the regulation of supercoils. Motivated by the
biological significance of supercoils, several experimental and computational
studies have focused on probing their structure and dynamics. For example, re-
cent single molecule experiments have uncovered a dynamic buckling transi-
tion while interrogating the torsion-extension relationship for supercoils. As
another example, Brownian Dynamics (BD) simulations of kilo base-pair
lengths of circular DNA have explored the sensitivity of site juxtaposition times
to supercoiling. Unfortunately, however, there remain many fundamental ques-
tions concerning the structure and dynamics of supercoils. In this study, our ob-
jective is to quantify the diffusion constant of plectonemic supercoils along
stretched DNA. To this end, we employ BD simulations of kilo base-pair
lengths of DNA with biologically relevant levels of supercoiling and extension.
From these simulations, we quantify the diffusion constant for plectonemes and
further compute site juxtaposition and plectoneme nucleation timescales.
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A Single Molecule Kinetic and Thermodynamic Approach to Oligonucle-
otide Duplex Formation
Nicholas F. Dupuis, David J. Nesbitt.
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The formation of the canonical double stranded helix of DNA and RNA,
through oligonucleotide hybridization, is a ubiquitous process in biology.
Here we describe a single molecule fluorescence resonance energy transfer
(smFRET) study that probes the formation and dissociation of a short (6-9
base pairs) double stranded DNA duplex. Kinetic measurements on this con-
struct reveal that rates of duplex formation are not diffusion limited. In fact,
the rate constants of formation are 2-3 orders of magnitude slower than esti-
mated with a simple diffusion model. Subsequently, the duplex formation/dis-
sociation (kon and koff) rates were measured as a function of Naþ
concentration and both were found to change in a sigmoidal fashion with
[Naþ]. The measured values of koff decreased by a factor of four (0.7(2) s-1
to 0.14(5) s-1) between 25 mM and 1 M Naþ. Surprisingly, kon was found
to be much more sensitive to the [Naþ], increasing by more than a factor of
40 (0.6(6) s-1 to 4.4(6) s-1) over the same range. These changes combine
give a >100 fold change in the unimolecular equilibrium constant (Keq). Fi-
nally, the temperature dependence of Keq was used to dissect the free energy
of duplex formation (DG) into its enthalpic (DH) and entropic (DS) compo-
nents. While DH remains negative under all conditions, increasing the [Naþ]
reduced the magnitudes of both DH and DS. Given that DG decreases with
increasing [Naþ], the magnitude of DS must decrease faster than the unfavor-
able reduction in the magnitude of DH. These insights highlight the dynamic
nature of DNA duplexes on the time scale (seconds to minutes) of many cellular
processes. Additionally, these data may aid in developing and evaluating new
methods for modeling the thermodynamics of DNA duplex formation.
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Measuring Sequence-Dependent DNA Looping Kinetics
Tung Le, Harold Kim.
Georgia Institute of Technology, Atlanta, GA, USA.
Looping of double-stranded DNA occurs in many important biological pro-
cesses. The best illustrated example of this is nucleosome formation whereDNA loops almost twice around the histone octamer core. At short length
scales around or below ~200-bp, looping efficiency of DNA is known to depend
strongly on its sequence, but the physical basis of this dependence is not com-
pletely understood. Although looping equilibrium of double-stranded DNA has
been extensively studied by the ligation-based cyclization assay, experimental
studies on its looping kinetics are rare. Thus, to study how DNA sequence af-
fects its looping kinetics, we developed an assay based on single-molecule
Fluorescence Resonance Energy Transfer (FRET), which allows us to observe
reversible looping of ~190-bp long double-stranded DNA in real time. Initially,
we measured looping kinetics of two different DNA molecules that are known
to exhibit opposite propensities to form a nucleosome in vitro, referred to as the
nucleosome DNA (high nucleosome occupancy) and the anti-nucleosome DNA
(low nucleosome occupancy). Under all salt conditions tested, the nucleosome
DNA was observed to loop faster than the anti-nucleosome DNA. Surprisingly,
the looping rate of anti-nucleosome DNA decreased with increasing salt con-
centration in contrast to the nucleosome DNA. Our findings support a model
where looping kinetics of double-stranded DNA is accelerated by formation
of local defects in the secondary structure. We are further testing a series of
DNAmolecules that vary in nucleosome preference to study the correlation be-
tween physical properties of DNA and the chromatin code.
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Visualizing Higher-Order Conformations in Single DNA Molecules
John S. Graham1, Reid C. Johnson2, John F. Marko1.
1Northwestern University, Evanston, IL, USA, 2University of California at
Los Angeles, Los Angeles, CA, USA.
Not simply a linear molecule, DNA is found in many higher-order conforma-
tions such as loops, plectonemes and condensed regions. Some of these confor-
mations are mediated by proteins and others occur naturally. Much mechanical
work has been done investigating these structures in single DNAmolecules but,
to date, none of these structures have been imaged in single-molecule experi-
ments. Here, we present data visualizing some of these structures using com-
bined fluorescence and force measurements and compare our data with
previous mechanical measurements.
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Hidden Complexity in the Isomerization Dynamics of Holliday Junctions
Changbong Hyeon.
Korea Institute for Advanced Study, Seoul, Korea, Republic of.
Persistent heterogeneity has recently been identified in single molecule mea-
surements of enzymes and ribozymes, but its systematic quantification and
structural origin remain elusive. Here, we addressed these issues by analyzing
isomerization dynamics of Holliday Junctions (HJs) as a test case. Even for HJs
that retain relatively simple architectures, the molecule-to-molecule variation
in dynamics persists over long observation time (Tobs), implying ergodicity
breaking of HJ conformational space. An annealing experiment using Mg2þ
pulse, which enables interconversion between HJ trajectories with different pat-
terns, and the architecture of HJ suggest that the persistent heterogeneity of HJs
reflects various internal multiloop topologies stabilized by Mg2þ ions.
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Concentration-Dependent Structural Transitions of Human Telomeric
DNA Sequences
Robert Macgregor, Rashid Abu-Ghazalah, Steve Rutledge,
Lewis W.Y. Lau, Tiffanie Tsai, Vikram K. Mulligan, Avi Chakrabartty,
Amr S. Helmy.
University of Toronto, Toronto, ON, Canada.
Oligodeoxyribonucleotides (ODNs) composed of four repeats of the human
telomeric sequence d(TTAGGG) can assume several conformations depending
on the cation species present, the presence of additional bases at the 5’ or 3’
end, and on the sample preparation. The secondary structure of these molecules
is stabilized by intramolecular G-quartets. Structural studies have shown that
H-Tel, [d(5’-AGGG(TTAGGG)3-3’)], an ODN composed of repeats of the
human telomeric sequence exhibits significantly different conformations in
the presence of different cations. We have investigated the effect of the concen-
tration of the oligonucleotide on the conformation and self-association of H-Tel
and two ODNs that differ from H-Tel only in the terminal bases, Hybrid-1,
d(5’-AAAGGG(TTAGGG)3AA-3’), and Hybrid-2, d(5’-TTAGGG(TTAG
GG)3TT-3’). The equilibrium structures formed by H-Tel were studied using
circular dichroism spectroscopy (CD), Raman spectroscopy, dynamic light
scattering (DLS), and analytical ultracentrifugation. We observed that in aque-
ous solutions containing 100 mM or greater NaCl, at 2 mM (strands) folded
monomers of H-Tel self-associate to form species consisting of at least four
monomers, i.e. (H-Tel)4. The formation of the associated species was revers-
ible; monomers formed rapidly upon dilution to 20 mM (strands). We were
able to observe the time-dependence of the association using CD and DLS,
Monday, February 27, 2012 277awhich showed that the aggregation of H-Tel occurs with a relaxation time of
approximately 8 h. The concentration dependence of the rate of association
is also consistent with the formation of a tetrameric H-Tel structure. Using
CD and Raman, we did not observe similar association phenomena for
Hybrid-1 or Hybrid-2. This may be due to the role of the terminal bases in these
molecules, which suggests that the aggregation may arise from stacking of the
folded quadruplex molecules.
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Time-Resolved NMR-Studies of DNA I-Motif Formation Reveal Kinetic
Partitioning Mechanism
Anna Lena Lieblein, Janina Buck, Kai Schlepckow, Boris Fu¨rtig,
Harald Schwalbe.
Goethe-University Frankfurt, Frankfurt, Germany.
Beside thewell known double helix conformationDNA is able to build structures
stabilized by non-Watson-Crick base pairs like G-quadruplexes[1] and i-mo-
tifs.[2] Those structures can be formed by guanosine- and cytidine-rich strands.
These sequences are found e.g. in telomeres, the ends of eukaryotic chromo-
somes.[3] They present a good targets for cancer therapy. Quarduplex structures
are also found in the field of nanodevice applications.[4] The cytidine-rich strand
forms its intercalated structure in slightly acid environment.[2] The so-called
i-motif is stabilized by fully intercalated hemiprotonated C.Cþ base pairs.
We investigate structural changes and the kinetics of pH-induced folding of
various i-motif structures at atomic resolution. For this, we used a rapid-
mixing device which allows us to mix two solutions at a defined time directly
inside of the NMR-spectrometer.[5] We could show that after induction of the
folding with acid, competitive i-motif structures with different intercalation to-
pology are formed.[6] Depending on the species of the loop-forming nucleo-
tides equilibrium between build conformations can be changed.
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Differential Binding of Ions and Water in the Unfolding of DNA Hairpins
Ronald Shikiya, Irine Khutsishvili, Luis A. Marky.
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Stem-loop motifs are appropriate models for the thermodynamic description of
the stability andmelting behavior of native DNA. In order to improve our under-
standing of the role of both ions andwater in the stability andmelting behavior of
DNA secondary structures, we used a combination of UV and CD spectros-
copies, and DSC calorimetric techniques to determine standard thermodynamic
profiles, the differential binding of ions (Dnion) and water (DnW) for the unfold-
ing of 22 hairpin loopswith different stem sequence and loops of 5 thymines. The
CDspectra indicated that all hairpins adopted theB-conformation at low temper-
atures. TheUVandDSC data showed all hairpins unfold in two-state transitions,
and accompanied by water releases of 12-24 mol H2O/mol hairpin and ion re-
leases of 0.38-0.76 mol Naþ/mol hairpin. Therefore, the folding of each hairpin
is accompanied by a favorable free energy term, resulting from the compensation
of a favorable enthalpy and unfavorableentropy contributions, due to formation
of base-pair stacks and uptake of both water and counterions, respectively.
Complete thermodynamic parameters, includingDnW andDnion, for all 10W-C
nearest-neighbor contributions were determined by solving the matrix of the
thermodynamic data. This allows us to predict the overall thermodynamics, hy-
dration and ion binding properties for the unfolding of a hairpin loop from
knowledge of its stem sequence. Supported by Grant MCB-0616005 from
the National Science Foundation.
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Tandem GA Residues on Opposite Sides of the Loop in Molecular Beacon-
Like DNA Hairpins Compact the Loop and Increase Hairpin Stability
Nancy C. Stellwagen, Chun Yaw (Joel) Chang.
University of Iowa, Iowa City, IA, USA.
The free solution electrophoretic mobilities and thermal stabilities of hairpins
formed by two complementary 26-nucleotide oligomers have been measured by
capillary electrophoresis. The oligomers are predicted to form molecular
beacon-like hairpins with 5 base paired stems and 16 nucleotides in the loop.
One hairpin, called hairpin2 (hp2), migrates with a relatively fast free solutionmobility and exhibits melting temperatures that are reasonably well predicted by
the popular structure-prediction program Mfold. Its complement, called hairpin1
(hp1), migrates with a slower free solution mobility and forms a stable hairpin
only in solutions containingR200 mM Naþ. The melting temperatures observed
for hp1 are ~18C lower than observed for hp2 and ~20C lower than predicted by
Mfold. The greater thermal stability of hp2 is due to the presence of tandem GA
residues on opposite sides of the loop. If the corresponding TC residues in the
hp1 loop are replaced by tandem GA residues, the melting temperatures of the
modified hairpin are close to the values observed for hp2. Eliminating the tandem
GA residues in the hp2 loop significantly decreases the thermal stability of hp2. If
the loops are replaced by a loop of 16 thymine residues, the free solutionmobilities
and thermal stabilities of the T-loop hairpin are equal to those observed for hp1.
Hence, the hp1 loop appears to be relatively unstructured, with few base-base
stacking interactions. Interactions between tandem GA residues on opposite sides
of the hp2 loop compact the loop and increase hairpin stability.
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Impact of TMAO on the preQ1 RNA Riboswitch Studied using Molecular
Dynamics Simulations
Elizabeth Denning1, Devarajan Thirumalai2, Alexander D. MacKerell, Jr.1.
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Maryland, College Park, College Park, MD, USA.
Trimethylamine N-oxide (TMAO) is an osmolyte that accumulates in response
to cellular osmotic stress. TMAO is traditionally known for its role as a protein
stabilizer but it has not been clear if it also stabilizes RNA structure. Here, we
perform multiple molecular dynamics (MD) simulations to determine the effect
of TMAOonRNAusing the preQ1 riboswitch as amodel system. To investigate
osmolyte stabilization, several systemswere run using the riboswitch solvated in
different TMAO concentrations, including TMAO in its fully neutral state and
with a fraction of TMAO in its protonated state. Result show that RNA stability
depends on both the TMAO concentration and the protonation state of the
TMAO near the RNA molecule. From the simulations we are able to examine
the molecular mechanism of TMAO stabilization of RNA structure.
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The hepatitis delta virus (HDV) is the only known human pathogen to contain
a self-cleaving catalytic RNAmotif (ribozyme) in its genome. The native struc-
ture of the HDV ribozyme consists of five helices (P1 - P4 and P1.1) that come
together to form a double-nested pseudoknot. The active site with the catalyt-
ically involved C75 residue lies at the heart of this complex structure. The
recent emergence of a product-like crystal structure of the precursor form of
the HDV ribozyme1 has cast doubt on previous structural and biochemical
evidence that a significant conformational change occurs along the reaction
trajectory from precursor to product. We here are using MD simulations to
investigate the impact that key structural motifs as well as chemical and struc-
tural modifications necessary to crystallize the ribozyme have on conforma-
tional dynamics of the active site in this recent crystal structure. Our
simulations specifically probe the effects of varying base protonation, base
identity in key structural motifs, and alternate conformations of the scissile
phosphate on catalytic fitness2. Analysis of our MD simulations indicates
that the precise position of C75, and thus catalytic fitness, is significantly af-
fected by the modifications introduced into the recent crystal structure. We
also investigate in detail the effects of force field choice on the observed ribo-
zyme structural dynamics, by comparing several force field variants, including
our recent reparametrization of the chi profile of the Cornell et al (AMBER)
force field 3.
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Ribonuclease P is an essential enzyme that is responsible for catalyzing the 5’end
maturation of transfer RNA. InBacteria, theRNase P holoenzyme is composed of
a large RNA (~400nt) and a smaller (~100aa) protein. RNase P RNA contains the
enzymeactive site and interactswith tRNA; however, theprotein subunit is essen-
tial in vivobecause it binds the pre-tRNA leader sequence and increases active site
metal ion binding.Unlikemost enzymes, RNase P processesmultiple structurally
